In this study, we fabricated a novel sandwich structure by combining reduced graphene oxide (rGO), polyvinylidene difluoride (PVDF) and polyurethanes (PU) to construct a composite film for anti-corrosion applications. The corrosion performances of the rGO/PVDF/PU multi-layered coatings on carbon steel were evaluated in 30 wt% boiling sulfuric acid solution for 1 h and 3.5 wt% NaCl electrolyte for electrochemical tests. The results show that the addition of PU and rGO dramatically improves the anticorrosion performance of the bare PVDF coating and the optimized content of rGO is 7 wt%. The anticorrosion performances of corrosion potential, corrosion current and protection efficiency after protection coating are measured to be À757 mV, 0.1 mA cm À2 and 99%, respectively. The excellent results obtained could be explained by barrier effects, where the hydrophobic property and high-aspectratio of rGO in the PVDF matrix inhibit corrosion factors from diffusing into the substrate.
Introduction
Corrosion protection is very important technology in the metallic nishing industry. Corrosion is a very costly problem, which has a major impact on the economies of industrial nations. However, corrosion cannot be fully inhibited. Thus, corrosion control strategies focus on slowing the kinetics and/ or altering its mechanism. Nowadays, there are different strategies for corrosion protection, including cathodic protection, 1, 2 protective coatings, [3] [4] [5] corrosion inhibitors 6,7 and other.
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Recently, graphene has emerged as a promising building block in polymer matrices on account of its unique geometry and novel physical properties, such as high specic surface area, superior mechanical strength, high aspect ratio, electrical mobility, thermal conductivity and barrier properties. [11] [12] [13] [14] [15] [16] [17] [18] As reported in the literature, graphene has great application potential in the corrosion protection eld. Additionally, there is increasing research interest in related materials, such as GO and rGO. 19 GO is the exfoliated product of graphite oxide, which is prepared via a modied Hummers method from graphite power. 20 Subsequently, GO can be transformed into rGO via chemical, 21, 22 thermal, 23, 24 or electrochemical reduction. 25 However, one major challenge in the preparation of graphene is its irreversible agglomeration and restacking as a result of strong van der Waals interaction and the out-of-plane p bond between the individual graphene nanosheets. On the other hand, aer the oxidation reaction, oxygen-containing functional groups such as epoxy, hydroxyl, carboxyl and carbonyl groups are located either on the basal plane or on the edge of the single atom thin sheet. The presence of these functional groups causes the GO sheets to be strongly hydrophilic, which allows GO to swell and disperse in various polar solvents readily. 26 Chang et al. reported that graphene provides more desirable anti-corrosion properties for polyaniline than clay due to its higher aspect ratio. 27 They reported that the well-dispersed graphene displayed remarkable anti-corrosion properties because of enhanced barrier properties. 28 Unfortunately, the presence of strong intrinsic van der Waals attraction between the llers and the absence of bonding between graphene and the polymer matrix pose a substantial obstacle to obtain graphene-based composites with excellent dispersion and compatibility. To a great extent, this impairs the anti-corrosion performance of graphene-based composites. Meanwhile, nanocomposites synthesized containing graphene-based materials such as graphene nanoplates (GNPs), graphene nanosheets (GNSs) and GO display excellent benecial properties when employed in diverse applications. [29] [30] [31] [32] [33] [34] [35] Research associated with conductive graphene, which has a relatively high aspect ratio of $500, has attracted much interest. 36 The lower density and higher aspect ratio of conductive graphene compared with that of non-conductive clay platelets triggered its potential application as an advanced gas barrier polymer nanocomposite. 27 Mo et al. reported that functionalized graphene (FG) and functionalized graphene oxide (FGO) were obtained by treating graphene and GO with 3-aminopropyltriethoxysilane (APTES). 37 Then, they fabricated a series of PU-based composite coatings reinforced with well dispersed FG and different surface texture densities in the PU matrix which displayed anti-corrosion properties. Singh et al. proved that GO polymer composite coatings are an effective protective shield against the oxidation and corrosion of metal. 38 Zhang et al. reported a PVDF/GO solution via a simple blending method. 25 The oxygen containing groups in GO platelets allow them to be dispersed in PVDF solution homogeneously and prevent agglomeration, and the GO can be translated to RGO via thermal reduction during the hot-molding process. The enhanced absorption and dielectric property of PVDF/rGO composites were also investigated. Karan et al. demonstrated that the Fe-rGO/PVDF nanocomposite exhibits superior piezoelectric energy harvesting and ferroelectric properties, where a higher proportion of the polar piezoelectric g-phase of PVDF is achieved by simply using the solvent casting method, which exclusively produced an output voltage of 5.1 V and short circuit current of 0.254 mA without the application of electrical poling.
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In our previous studies, we demonstrated that the corrosion protection properties of nano-graphene/epoxy composites coated on metal surfaces are capable of enhancing the corrosion protection of pure metals effectively. 39, 40 In this study, we further fabricate anticorrosive rGO/PVDF/PU coatings which provide two-fold protection against metal corrosion. In the rst step of the protection mechanism, the hydrophobic graphene is proven to display excellent corrosion protection capability. Second, the well-dispersed reduced graphene nanosheets in the PVDF matrix increase the tortuosity of the diffusion pathway of H 2 O and O 2 molecules. The detailed anticorrosion performance of the GPN coated on cold-rolled steel (CRS) is evaluated through a series of electrochemical corrosion measurements in a corrosive medium.
Experimental

Sample preparation
Polyvinylidene diuoride (Kureha, KF9200), N-methyl-2-pyrrolidone (Alfa), sodium nitrate (J. T. Baker), potassium permanganate (SHOWA) and hydrogen peroxide (J. T. Baker) were used as received. Aqueous sulfuric acid and hydrochloric acid were purchased from Echo Chemical Co. Ltd. Graphene nanosheets (SFG44-GNS) prepared from SFG44 synthetic graphite powder (TIMCAL®) were used. The detailed experimental conditions are reported in our previous work. 20 The obtained graphene oxide powder was subjected to thermal exfoliation at 1050 C in air for 30 s. This procedure resulted in few-layer reduced graphene nanosheets. The GNSs were characterized via SEM, X-ray diffraction, Raman spectroscopy, and TEM. A series of rGO/PVDF nanocomposite coatings with 0 wt%, 1 wt% and 7 wt% GNSs in PVDF (denoted as GPN, GPN1 and GPN7, respectively) were fabricated as follows: rst, 4 g PVDF was dissolved in 20 g NMP. Then 0.043 g rGO was mixed using a homogenizer for 40 min at room temperature. Aer mixing, drops of the mixture solution were spread on a stainless steel plate followed by the dipping coating process. Finally, cured GPN membranes were obtained with a thickness of ca.
120 mm at 60 C overnight in a vacuum oven. Graphene/PVDF nanocomposite coatings with different mass fractions of reduced GNSs were prepared in the same way. The fabrication of the GPNs is illustrated schematically in Fig. 1 . The whole process of three-layer coating is described as follow: the PU coating was used as the rst coating layer on a steel substrate via the dipping coating method. Aer drying at ambient temperature for one day, the second layer, PVDF, was spread on the asprepared substrate by dipping coating. Then it was placed in an oven at 60 C overnight. Finally, the substrate was coated with the rGO/PVDF nanocomposite in the same way as the previous step. Thus, the multilayer protecting structure of RGO/PVDF/PU was obtained on the steel substrate.
Electrochemical corrosion studies
Electrochemical corrosion measurement was performed on a VoltaLab 50. All electrochemical corrosion measurements were performed in a double-wall jacketed cell covered with a glass plate, in which water was maintained at a constant operational temperature of 25 AE 0.5 C. The open-circuit potential (OCP) at the equilibrium state of the system was recorded as the corrosion potential (E corr in mV versus the saturated calomel electrode (SCE)). Tafel plots were obtained by scanning the potential from À500 to 500 mV above E corr at a scan rate of 10 mV min À1 . The corrosion current (I corr ) was determined by superimposing a straight line along the linear portion of the cathodic or anodic curve and extrapolating it through E corr . The corrosion rate (R corr , in milli-inches per year, MPY) was calculated using eqn (1):
where, E.W. is the equivalent weight (g per eq.), A is the area (cm 2 ), and d is the density (g cm À3 ). An AutoLab (PGSTAT302N) potentiostat/galvanostat was employed to perform AC impedance spectroscopy measurements. Impedance measurements were carried out in the frequency range of 100 kHz to 100 MHz with pure iron (area 1 Â 1 cm 2 ) as the working electrode embedded in epoxy, Pt as the counter electrode, and SCE as the reference electrode. The working electrode was rst maintained in the test environment for 40 min before the impedance run. All experiments were performed at room temperature. All raw data were repeated at least three times to ensure reproducibility and statistical signicance.
Results and discussion
The SEM image in Fig. 2(a) shows that the synthesized rGO are exible akes with a rough morphology and thickness in the nanoscale. The thickness of the rGO aer thermal treatment was smaller than that of the GO akes. The decrease in thickness of the rGO nanosheets is due to several factors, including the removal of oxygen-containing functional groups by heating and elimination of the interlamellar water present in graphite oxide which depends on the relative humidity. The TEM images reveal that the synthesized rGO is transparent and very exible ( Fig. 2(b) ). Furthermore, there were some folds in the exible sheets, which indicate that the rGO was very thin. Since all the synthesized materials are nanostructured, embedding them in the PVDF matrix as llers is likely to enhance the anticorrosion performance of PVDF. Due to the presence of llers in the coating matrix, rGO serves as a barrier, which enhances the coating impermeability by increasing the tortuosity of the diffusion pathway of molecules in the coating (physical barrier effect). Generally, llers with a high aspect ratio and large ller-matrix interfacial area are benecial for increasing the tortuosity of the diffusion pathway. 27 The ake-like GPNs are excellent anti-corrosion llers due to the following reasons. On one hand, the aspect ratio of GPNs is high because the lateral dimension of GPNs is micron-sized.
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The XRD patterns of the graphite, GO and rGO are shown in Fig. 2(c) . As shown in Fig. 2(c-2) , GO has an intense crystalline peak at 10.5 , which corresponds to a d-spacing of 8.42Å. The interlayer spacing of the GO sheets is attributed to the oxygenated functional groups introduced by the modied Hummers method. The XRD pattern of rGO is shown in Fig. 2(c-3) , in which the peak of GO is weakened. The rGO peak at 13.4
corresponds to the d-spacing of 6.6Å, which is less than that of GO due to the emission of oxygen-containing functional groups. 43 The results of the d-spacing demonstrate that the reduction was successful. Raman spectroscopy was implemented to characterize the structure of the synthesized materials. Fig. 2(d) shows the Raman spectra of graphite, GO and rGO. rGO displays a D band at 1350 cm À1 corresponding to the vibration of graphene defects or edges and a G band at 1598 cm À1 which is assigned to the in-phase vibration of the graphite lattice.
Cross-section SEM was performed to observe the structure of the multiple anti-corrosion layers. Fig. 3(a) shows that there were good connections between the layers and the substrate. The pure PU layer presented in Fig. 3(a) exhibits a smooth and uniform fracture surface without obvious defects, which could also be a great attachment to non-organic steel substrates. On the other hand, when a small amount of rGO was added into the PVDF matrix, a rougher surface and some cracks appeared which were initiated by the interfacial interaction between rGO and the PVDF matrix. Moreover, the PVDF in the middle of the structure acted a thermal buffer layer, reduced to determine graphene dispersed situation in the PVDF matrix and enabled to descript the degree of exfoliation. Fig. 3(b) shows the TEM micrograph of the PVDF composite of graphene with the graphene content of 7 wt%. The gray region of the photograph represents the domain of PVDF matrix and the black lines correspond to the cross section of graphene nanosheets. This indicates that the attachment of carboxylic groups onto the graphene surface effectively enhances the compatibility between reduced-graphene nanosheets and the polymer matrix, which leads to improved dispersion. In addition, the number of graphene layers is less than 10 and the folds appear. The reduced-graphene nanosheets could be described as few-layer graphene.
Graphene is a at monolayer of carbon atoms tightly packed into a two-dimensional (2D) honeycomb lattice. However, during the reduction process, graphene oxide can easily aggregate into graphite again. In order to prevent this for occurring, we had to optimize the contents of the co-doped polymer slurry. 
We measured the weight difference in grams of the samples and the 0 wt% sample and dened the weight difference per unit area (m 2 ) as the weight loss. Fig. 4 shows that the best anticorrosion performance was observed for GPN7. If the concentration was less than 7 wt%, the amount of graphene was not strong enough to defend the corrosive medium. Sulfuric acid molecules diffuse into the depth of the substrate to destroy the steel easily. On the contrary, when the concentration was over 7 wt%, the probability of aggregation between graphene layers increases. To avoid the aggregation in the slurry, we selected a good dispersion agent for graphene, NMP. NMP is not only a powerful solvent for dispersing SWCNTs, 44,45 graphene, 46 and GO, 47 but also a solvent to dissolve PVDF polymer. In addition, we used the sonication method for 30 min and the assistance of a homogenizer to overcome the aggregation problem. The greater anti-corrosion performance evident in GPN7 was also further analyzed. The inset in Fig. 4 displays the SEM image of the composition optimized rGO/PVDF/PU sample aer acid corrosion tests. Compare to the fresh coating shown in Fig. 3(a) , the structure of GPN7 changed from a dense structure to a porous structure. In comparison, the PVDF and PU layers remained dense even aer heavy corrosion tests in 30 wt% boiling sulfuric acid solution for 1 h. The results conrm that the three-layer sandwich structure of rGO/PVDF/PU efficiently protects the substrate from acid corrosion.
It is generally believed that a higher contact angle value denotes a more hydrophobic surface. 48 The above results indicate that the surface hydrophobic property depends on the presence of the functionalized groups containing carbonoxygen bonds in graphene. The enhancement of the hydrophobic property prevents the absorption of water through the coatings. Fig. 5(a) shows the change in the water contact angle with the addition of rGO at different reduction temperatures under Ar. As the reduction temperature increases, the more functionalized groups containing oxygen vaporize into CO 2 , which causes the graphene to become hydrophobic and enhances the blocking capacity of the coating. The contact angle of a water droplet on the sample surface was increased from $72 for the PVDF surface to $86.4 for GPN7s by tuning the reduction temperature of graphene. The water repellent ability of the GPN coatings is a very important parameter, which was simultaneously determined during the sulfuric test. The result indicates that the weight loss decreased from 188.7 to 115.2 g m À2 which improved the anti-corrosion efficiency by about 39%. The higher reduction temperature resulted in a better hydrophobic phenomenon. Fig. 5(b) shows FITR spectra of GO under different reduction temperatures. Obviously, with an increase in reduction temperature from 300 C, 800 C to 1000 C, the corresponding oxygen-containing functional groups decreased. Thus, the surface properties of the GPN layer could be easily tuned by the reduction temperature. Fig. 6(a) shows the PU, PVDF and GPN7 composite coatings, where the le three samples displayed resistance to the sulfuric acid. According to the test, although GPN7 had the best anticorrosion performance, there were some defects on the edges of the steel substrates. The GPN7 membrane peeled off from the substrate because of the weak interaction. On the other hand, the PU coating was still intact and in good shape as determined from is physical properties. There were no obvious cracks on its surface structure, but its chemical stability was not as good as GPN7. On the basis of the corrosion test, we combined the advantages of PU and GPN7 and built a new structure of two layers with the same thickness. Fig. 6(a) demonstrates that by using the structured technique, the anti-corrosion performance improved evidently. In order to overcome the high temperature system, the structure must endure thermal expansion tension. We integrated the three membranes and built composite sandwich structures to determine the optimization permutation, and the results are shown in Fig. 6(b) . We used two types of additives, GO and rGO as obstacles in the PVDF matrix. It is obviously seen that there were good blocking effects when the GPN7 membrane was on the outside. Moreover, it also had a good performance because the PU polymer played the role of a primer. From the physical properties of the sandwich structures we successfully determined the optimal sandwich structure.
On the basis of a series of electrochemical measurements (i.e., corrosion potential, polarization resistance, and corrosion current measured in a corrosive medium) we concluded that the GPN7 coating is superior at protecting the CRS electrode against corrosion than the common PU and PVDF coatings. The Tafel polarization curves of the bare substrate, pure PVDF, GPN1 and GPN7 composite coatings exposed to 3.5 wt% NaCl solution are displayed in Fig. 7 . Information about the corrosion current can be obtained by extrapolating the Tafel plots from both the cathodic and anodic polarization curves for the respective corrosion processes. 49, 50 Extrapolating the cathodic and anodic polarization curves to their point of intersection provides both the corrosion potential (E corr ) and the corrosion current (I corr ). In general, a lower I corr value represents a lower corrosion dynamic rate. Corrosion protection studies were performed on samples with 10 AE 1 mm thick coatings that were immersed in a corrosive medium for 40 min. The protection efficiency (h) of the coatings on the substrate was calculated from the I corr values according to eqn (2):
where, I
corr and I corr are the corrosion current densities of the bare and coated substrate, respectively. The Tafel plots for the sample-coated CRS electrode gave a corrosion potential of E corr ¼ À883, À803 and À757 mV for the PVDF, GPN1 and GPN7 coatings, respectively, which was more positive than that for the bare CRS electrode, where E corr ¼ À924 mV. Moreover, the corrosion current of the PVDF, GPN1-coated and GPN7-coated CRS electrodes was ca. 12.62, 0.32 and 0.10 mA cm À2 , respectively, which was signicantly lower than that of the bare CRS electrode (147.91 mA cm À2 ). The corresponding I corr decreased considerably when we used the GPN-coated bare CRS electrode with the additive of reduced graphene oxide to produce hydrophobic properties. Moreover, the corrosion potential of the GPN7-coated CRS electrode was more positive than that of the GPN1-coated CRS electrode, as E corr increased from À803 to À757 mV (vs. SCE). These electrochemical measurement results show that the GPN7 coating provided better protection against corrosion for the CRS electrode than the other coatings. Dielectric spectroscopy, which is also known as impedance spectroscopy or electrochemical impedance spectroscopy (EIS), is used to measure the dielectric properties of a medium and express them as a function of frequency.
52,53 EIS was also used to examine the difference in the activity between the surface of the bare CRS electrode and the PVDF-or GPN-coated electrodes. Impedance is a complex resistance when alternate current ows through a circuit consisting of capacitors or a combination of circuits.
54 EIS measurements result in currents over a wide range of frequencies. Complex nonlinear least-squares procedures available in numerous EIS-data-tting computer programs could be used to t the model to the experimental data in order to obtain the Randles circuit parameters. For the simulation studies, the corrosion of the metal was modeled using an equivalent circuit (called a Randles circuit), as illustrated in Fig. 9 , which consists of a double-layer capacitor connected in parallel with a charge-transfer resistor and in series with an electrolyte solution resistor. The impedance (Z) depends on the charge-transfer resistance (R ct ), the solution resistance (R s ), the capacitance of the electrical double layer, and the frequency of the AC signal (u) as follows:
The tted data t well to all the experimental electrochemical data. The high-frequency intercept is equal to the solution resistance and the low-frequency intercept is equal to the sum of the solution and charge transfer resistances. 55 In general, a larger semicircle diameter (charge transfer resistance) represents a lower corrosion rate. Fig. 8 shows the Nyquist plots of the four measured samples. The rst sample (a) is uncoated CRS. The series of samples denoted as (b), (c) and (d) represent CRS coated by PVDF, GPN1 and GPN7, respectively. The charge transfer resistances of all the samples, as determined by subtracting the intersection of the high-frequency end from the low-frequency end of the semicircle arc with the real axis, are 710.2, 898.5, 1105 and 1453 U cm 2 , respectively. The EIS Bode plots (impedance vs. frequency) of all the samples are shown in Fig. 9 . Z real is a measure of corrosion resistance. 56 A low Z real value could be caused by very high capacitance and/or very low resistance of the coating.
57,58 Also, the capacitance value is related to the extent to which water penetrates the coating.
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In the case of the Bode plots, the value of Z real at the lowest frequency also represents the corrosion resistance. , respectively, at the low frequency region. These results clearly demonstrate that the GPN7 coating protects the CRS electrode against corrosion better than the PVDF and GPN1 coatings. The increase in impedance for the GPN7-coated electrode can be attributed to the hydrophobicity and barrier effects of GNSs dispersed in the composites of the coating. The hydrophobicity of GPN7 compared to that of PVDF and GPN1 may result from the low wettability and dispersed graphene in the PVDF matrix which increase the tortuosity of the corrosive media diffusion pathway (lower diffusion length), as shown in Fig. 10 . Table 1 lists the E corr , I corr , thickness and protection efficiency (PEF%) reported in previous work. The protection efficiency was utilized to evaluate the anticorrosive performance of the coatings using eqn (4).
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Protection efficiency ð%Þ ¼
where, I corr and I corr (c) are the corrosion current values in the absence and presence of the coating, respectively. This result indicates that 7 wt% rGO-PVDF has a better PEF%, which implies that 7 wt% rGO-PVDF gave a better anticorrosion protection.
In order to well understand the mechanism of anticorrosion for the rGO-PVDF coatings, the results are attributed to the barrier effects of the materials. Well dispersed graphene layer materials were incorporated into the PVDF coating (i.e. GPN1 and GPN7) which increased the diffusion pathways for reactive chemicals (H 2 SO 41 and Cl À ) which contributed to a signicant enhancement in the corrosion protection of the metallic substrate compared with that of neat PVDF coating. Moreover, GPN7 has a better anticorrosive performance than that of GPN1, with increase in the amount of graphene from 1 wt% to 7 wt%. This excellent result is attributed to fact that a higher content of graphene added into the polymer coating could provide longer diffusion pathways and promote the enhancement of the corrosion protection of the metallic substrate compared with that of the GPN1 coating, as shown in Fig. 10 .
Conclusions
In this study, we successfully converted graphite into exfoliated-GO via a modied Hummer's method. Aer thermal reduction by treating the exfoliated-GO with Ar, the reduced graphene nanosheets displayed an improved hydrophobic property to prevent corrosion. As an effective building block, the graphene additive comprehensively enhanced the anti-corrosion properties of the PVDF composite coating due to the obstructive and barrier properties it provided. Also, the optimized additive content was 7 wt%. As the content of rGO was further increased in excess of the optimized additive amount, the anti-corrosion performance of the PVDF composite coatings was weakened. This is because it contributed to a growing number of aggregates across the whole PVDF composite coating and shortened the diffusion path. Finally, we successfully presented a novel PU/PVDF/rGO composite and the sandwich structure demonstrates excellent anti-corrosion effects for metal protection due to its strong mechanical properties. 
